The Disturbed State Concept (DSC) is used to develop a constitutive model for cohesionless materials including effects of factors such as initial density, confining pressure,volume changes(dilation), stress path dependence, hardening and softening responses. The model is validated with respect to laboratory tests performed by using cylindrical and multiaxial test devices. Predictions from the model provide highly satisfactory correlation with the laboratory tests used to calibrate the model, and independent tests not used in the calibration.
Introduction
Various constitutive models based on theories of elasticity, plasticity, viscoplasticity, etc.. have been proposed to characterize behavior of geologic materials. It is not intended to provide detailed reviews herein; they can be found in various publications (Desai and Siriwardane, 1984) . The objective of this paper is to present a unified modelling approach for cohesionless materials,called the disturbed state Concept (DSC), that allows inclusion of various factors that influence behavior of these materials such as friction, volume change (dilation), stress paths, hardening, softening and initial conditions (pressure and density).
The DSC is based on the idea that the observed or disturbed behavior of a material can be expressed in terms of its behavior under two reference states: the intact state and the fully adjusted(disturbed) state (Desai 1987 ,Desai and Desai 1990 ,Armaleh 1990 , Katti and Desai 1991,Desai 1992) . At any stage during deformation, the material is assumed to consist of a mixture of the material in the intact and fully adjusted states.
The intact state can be defined using any appropriate theory. In this paper the associative isotropic hardening (δ 0 ) model in the hierarchical single surface approach (Desai et al 1986 ) is adopted as the intact state. The fully adjusted state is reached as a result of the transformation of the intact part of the material into fully adjusted states due to continuous adjustment of the material's microstructure (Desai 1992 ). The fully adjusted state can be assumed to represent the material state under which it has no strength like in the continuum damage models ( Kachanov 1958) , or it has no shear strength but can carry hydrostatic stress (limited by tensile strength in the case of tension loading or it is in the critical state at which it can continue to carry the shear and hydrostatic loads reached up to that state and deform in shear with constant volume. In this study, the critical state is adopted as the fully adjusted state.
Description of the DSC
The DSC concept has a connection to the previous concepts based on "disturbance" or "correction" proposed by Desai (1974 Desai ( ,1976 . For overconsolidated soil (in which the current stress is lower than the past stress) it was proposed that the softening behavior of the material can be expressed in terms of two components: behavior of the normally consolidated part (in which the current stress is equal to the past stress) and the behavior contributed by factors due to overconsolidation, (Desai 1974) . Then the disturbance was expressed as the difference between the observed and normally consolidated behavior. In the residual flow procedure for free surface seepage in porous media, the disturbance was defined as the difference between the permeability of the unsaturated material and that of the saturated material, (Desai 1976,Desai and Baseghi 1988) .
As stated earlier, the deforming material element consists of components of the material in the intact and critical states. The observed response is expressed in terms of the material in the intact and critical states. Figure 1 shows a schematic representation of the observed, intact and critical responses for initially loose and dense materials. The critical state represents a collection of points corresponding to the (initial) mean pressure (Jj/3), where J, is the first invariant of the stress tensor To explain the relation between the critical, intact and observed (average) responses shown in Figure 1 , a three-dimensional representation is shown in Figure 2 . .The points N 2 , N, ,and N 3 in Figures 1 and 2 are shown for the clarification of the relation of the three responses.
In Figure and N3 since they all are assumed to have the same deviatoric strains. The critical state line shown in Figure 1 is a collection of points such as N3 as indicated above. In the DSC,the observed response at N, is expressed in terms of the responses at N2 and N,.
Disturbance Function D
In order to express the observed behavior in terms of the intact and critical 
Usually D will vary with deformation as depicted in Figure 3 . The form of this function is similar to the damage parameter in continuum damage models (Kachanov 1958,Frantziskonis and Desai 1987) , however, with the DSC, the disturbance can include factors beyond damage such as friction,anisotropy and creep effects.
Based on the analysis of the experimental data performed in this study an evolution function similar to the one developed before (Frantziskonis and Desai 1987 ) is expressed as
where D u is the ultimate value for the Disturbance function and it is assumed in this study to be equal to unity, A = A(D r ,a 0 ) and Ζ = Ζ(σ 0 ) are the disturbance
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Figure 3. Variations of Disturbance function D with trajectory of Deviatonic Strains
parameters which are found to depend on relative density, D r and confining pressure or confinement σ 0 ,these are described later.
Intact State
As mentioned before, the intact response is modelled by using the δ 0 model that is based on associative plasticity and isotropic hardening . Here the yield function is written as (Desai et al., 1986) .
Pa where J 2D is the second invariant of the deviatoric stress tensor, S ä ; p. is the atmospheric pressure; F b is the basic function and it describes the shape in -J l space and is given by 
where J 3D is the third invariant of the deviatoric stress tensor, S^; γ, β, and m are parameters associated with the ultimate envelope. Ultimate envelope is defined as the locus of points corresponding to the asymptotic stresses to stress-strain curves for different tests, a is defined as the growth or hardening function and is expressed as
where a,, and η, are the hardening parameters to be determined from laboratory 
Critical State
The critical state in this study is based on the work of Roscoe et al (1958) and it is represented by the following two equations: 
where m, X, e 0 c are the critical state parameters to be determined from tests, and p a is the atmospheric pressure. e 0 c is the value of e c corresponding to J) = 3p,.Here e is the void ratio of the material=Vv/V, where V v =volume voids and V s =volume of solids. Representative plots of both equations (4) 
Effect of Relative Density and Confining Pressure
One of the objectives of this study was to identify the model parameters that are influenced by relative density and confinement. It was found that almost all the parameters are influenced to a greater or lesser degree by these two factors. However, it was found that the hardening parameter a in the 5 0 -model, and the disturbance parameters A and Ζ are the most influenced. Thus all the model parameters except a, A and Ζ are assumed to be constant and the average values are found from experimental results.
Parameter a
From Equation (3d), the following relation is obtained: log α -log α, -η 1 log ξ
where a,, η, are material parameters found from in α versus tn ξ plots based on tests under different densities and confinements, described subsequently. From the analysis ^( J 1/3p 0 ) (b) e c -in. J, Plot of the experimental data, it was found that a, and were essentially independent of σ 0 , but were affected by the initial density, D r , (Armaleh 1990) . From test results, the following two expressions for a, and η, were found:
in a x -tn a 0 + D r in a 2 (7) 
where da^dey are the incremental stress and strain tensors,respectively; j{ η-; Sij=deviatoric stress tensor;S^kronecker delta, dEy= the incremental deviatoric strain tensor; de v =the incremental volumetric strain.
Laboratory Tests
Comprehensive laboratory tests with several stress paths have been performed using cylindrical and cubical triaxial devices. These results were used to calibrate the model and to identify the model parameters. Table 1 shows the laboratory tests performed in this study. Some of these tests are used to find the parameters while others are used as independent tests to verify the model and check its validity.
Verification and Discussion of Results
To verify the model, an incremental procedure was used to find the average stresses and strains along any stress path by integrating Equations (11) and (12) and assuming the initial condition to start at the end of the hydrostatic compression test,for a number of tests under different stress paths (Armaleh 1990 ). Then back predictions of tests used in developing DSC model were performed. Finally, to check the validity of the model, a typical independent test not used to find the model parameters was predicted. Only typical comparison are given below. Figures 8 and 9 show comparison between stress-strain and volumetric response of conventional triaxial compression (CTC) tests with D r = 10% and σ 0 = 13 psi(89.63 kPa), and with D r = 65% and σ 0 = 40 psi(275.79 kPa) respectively. The comparison between the average response back predicted by the DSC and the laboratory test data are considered to be highly satisfactory ; while the comparison with only the intact response shown in the figures display more dialation than the observed behavior. Figure 10 shows one prediction of a Reduced Triaxial Compression (RTC) test with D r = 95% and σ 3 = 40 psi (275.79 kPa) that was not used in finding the parameters for the DSC model. Satisfactory results are obtained from the comparison of the stress-strain response between the DSC and test data. With regard to prediction of volumetric response, the DSC captured the trend of the volumetric response satisfactorily.
Back Predictions
Prediction of an Independent Test
• Test Data e 8 , e 3 Strains,% e t 1 psi=6.89 kPa 
Conclusions
The DSC concept provided satisfactory prediction of the behavior of a sand including factors such as stress path,volume change, softening, density and confining pressure.
It is appropriate to mention at this stage that the DSC is used satisfactorily in the prediction of the behavior of contact and joints (Ma and Desai 1990 ). Furthermore, the cyclic behavior of clays has been modeled by the DSC and the comparison between observed response and the DSC is highly satisfactory (Katti and Desai 1991) .
Finally, it is believed that the DSC can provide a general and versatile procedure for characterization of the mechanical response of a wide range of engineering materials and interfaces.
